Introduction
In recent years, the determination of heavy metals in environmental, clinical and industrial origin samples has attracted considerable attention due to the high toxicity of heavy metal ions to mammals, even at very low concentration levels. 1 The electrochemical stripping measurement is well recognized as a rapid, convenient and efficient method to detect trace metals. 2 Traditionally, mercury-based electrodes including the mercury film electrode (MFE) and the hanging mercury drop electrode (HMDE) are commonly employed for stripping measurements owing to their remarkable analytical properties. [3] [4] [5] [6] However, the toxicity restricts the continuous use of mercury as an electrode material. Furthermore, it is very difficult, probably impossible, to utilize MFE or HMDE to detect trace mercury in environmental and industrial water. Some new approaches for green-electrochemical electrodes and biosensors have been proposed to determine interesting organic and inorganic analytes. [7] [8] [9] [10] [11] [12] Since pioneering work about a bismuth-coated carbon electrode for stripping measurement was reported by Wang and his coworkers, 13 bismuth-based electrodes, due to their low-toxicity and insensitivity to dissolved oxygen, have attracted much interest as a new alternative to mercury-based electrodes. 4, 6, [14] [15] [16] [17] [18] [19] [20] [21] It is reported that metallic bimuth as an environmental-friendly material can provide comparable performance to mercury for electrochemical stripping analysis. 19 Although bismuth-based electrodes prepared by in-situ or ex-situ electrodepositing bismuth precursors on different substrates, including glassy carbon, carbon paste and impregnated graphite electrodes, have gained extensive investigations, 22, 23 there is still growing interest for new and "mercury-free" bismuth-based electrodes that can be conveniently prepared and meanwhile exhibit high sensitivity and good reproducibility. Encouragingly, the screen printing technology makes it possible for mass-preparing tailored electrodes with excellent consistency. The screen printing technique, which is well known as one of the thick-film techniques, dramatically reduces the cost of production, and contributes to screen-printed electrodes gaining widespread applications in the fields of environmental, biomedical and industrial monitoring. 24 In this paper, a new, disposable and environmental-friendly bismuth-based electrode for electrochemical stripping measurement is introduced. We integrated the advantages of the screen printing technique with the outstanding electroanalytical property of metallic bismuth, and developed a novel screen-printed bismuth electrode (SPBE) modified with multi-walled carbon nanotubes (MWCNTs). Carbon nanotubes can exhibit a series of unique features, such as excellent conductivity, large specific surface characteristic and good chemical stability, and have been gradually applied to develop novel sensors with enhanced performance since the last decade. [25] [26] [27] [28] [29] In the present work, metallic bismuth powders and MWCNTs were simultaneously mixed with graphite-carbon ink
Integrating the advantages of screen printing technology with the encouraging electroanalytical characteristic of metallic bismuth, we developed an ultrasensitive and disposable screen-printed bismuth electrode (SPBE) modified with multi-walled carbon nanotubes (MWCNTs) for electrochemical stripping measurements. Metallic bismuth powders and MWCNTs were homogeneously mixed with graphite-carbon ink to mass-prepare screen-printed bismuth electrode doped with multi-walled carbon nanotubes (SPBE/MWCNT). The electroanalytical performance of the prepared SPBE/MWCNT was intensively evaluated by measuring trace Hg(II) with square-wave anodic stripping voltammetry (SWASV). The results indicated that the SPBE modified with 2 wt% MWCNTs could offer a more sensitive response to trace Hg(II) than the bare SPBE. The stripping current obtained at SPBE/MWCNT was linear with Hg(II) concentration in the range from 0.2 to 40 μg/L (R 2 = 0.9976), with a detection limit of 0.09 μg/L (S/N = 3) under 180 s accumulation. The proposed "mercury-free" electrode, with extremely simple preparation and ultrahigh sensitivity, holds wide application prospects in both environmental and industrial monitoring. to prepare the MWCNTs-modified screen-printed bismuth electrode (SPBE/MWCNT). As far as we know, there are few publications about MWCNTs-modified bismuth electrodes for stripping measurements. The electroanalytical property of the developed SPBE/MWCNT was intensively studied by detecting trace Hg(II) based on the square-wave anodic stripping voltammetric strategy. It was demonstrated that MWCNTs doped in printing ink could significantly enhance the electroanalytical performance of SPBE. The content ratio of bismuth powders in the printing ink was intensively optimized to obtain electrodes with well-defined and ultrasensitive stripping responses to trace Hg(II). Furthermore, the possibility of utilizing the proposed SPBE/MWCNT to directly monitor mercury in practical samples was also evaluated.
Experimental

Materials and chemicals
All chemicals were of analytical-reagent grade, and directly used without any further purification. Graphite-carbon ink (Electrodar423 SS, Acheson Colloids Co.), silver paste ink (Shanghai Baoyin Electronic Materials Co. Ltd., China), polymer insulating ink (Jujo Chemical Co. Ltd., Japan), bismuth powders (99.9% pure, 200 mesh, Aladdin Chemistry Co. Ltd., China) and MWCNTs (Shenzhen Nanotech Port Co. Ltd., China) with a mean diameter of 15 nm and a tube length of 1 -2 μm were commercially available. A Hg(II) standard solution (GSB G62069-90-8001, NACIS) supplied from Research Centre of Analysis and Test of ECUST was diluted to different concentrations, as required, before used. A 0.1 M HNO3 solution was selected as the supporting electrolyte. Ultra-pure water (18.2 MΩ cm -1 ), prepared by a laboratory water purification system (Shanghai Hitech Instruments Co. Ltd., China), was used in all preparations.
Apparatus
An LC-400 semi-automatic flat-screen printing instrument (Shanghai Wangyi Screen Printing Ink Co. Ltd., China) was used to mass-prepare a screen-printed electrode. A scanning electron microscope (SEM, JSM-6360LV, JEOL) equipped with energy dispersive spectroscopy (EDS, EDAX, USA) was employed to observe the surface morphology of electrodes. All electrochemical measurements were carried out on a CHI440A electrochemical workstation (CHI Instruments Inc., USA) connected to a Lenovo computer, with a three-electrode configuration including a screen-printed working electrode (4 mm diameter), a platinum wire counter electrode and a Ag/AgCl (3 M KCl saturated) reference electrode.
Preparation and characterization of SPBE/MWCNT
Prior to preparing the desirable SPBE/MWCNT, a clean and dry polyethylene terephthalate (PET) flexible film was prepared as the printing substrate. Firstly, a certain amount of bismuth powders and MWCNTs were directly added into an accurately weighted amount of graphite-carbon ink, and mixed adequately with mechanical stirring for 30 min. Then, a silver conductive layer and a graphite-carbon working layer (containing bismuth powders and MWCNTs) were successively printed on the located sites. Finally, the initial electrode was partially covered by a polymer insulating layer. When not being used, these electrodes were stored in vacuum desiccators.
The morphology of the electrode surface was observed by SEM, and the elemental composition was confirmed by EDS. In order to better understand the electrochemical behavior of SPBE/MWCNT, the prepared electrode was electrochemically treated in 0.1 M H2SO4 by using the cyclic voltammetric technique at a scan rate of 0.1 V/s. Electrochemical impedance spectroscopy (EIS) was obtained at a Parstat2273/Cornerstone130 electrochemical system (Ametek Inc., USA) with 0.5 M KCl (containing 2 mM K3[Fe(CN)6]) as the supporting electrolyte.
Measurements of Hg(II)
Square-wave anodic stripping voltammetry (SWASV) was chosen to record the stripping response of Hg(II) at the microgram per liter concentration level as follows: firstly, the newly prepared SPBE/MWCNT was electrochemically activated in a mixture of 0.1 M sodium acetate and 25 mM HCl (pH 5) by using the chronoamperometry technique with a potential of 0 V and an activation time of 100 s; then, Hg(II) was electrochemically reduced/accumulated onto the surface of SPBE/MWCNT at a deposition potential of 0.2 V under an stationary and nondeaerated circumstance for 180 s, followed by a 10-s equilibrium period. Stripping voltammograms were recorded in the potential window from 0.2 to 0.8 V with an amplitude of 30 mV, a frequency of 15 Hz and a step potential of 4 mV. Figure 1 (A) illustrates the process of preparing SPBE/MWCNT, and Fig. 1(B) exhibits the pattern of SPBE/MWCNT home-made in the present research. The proposed SPBE/MWCNT is fabricated by three screen-printed thin layers. The printing of the silver conductive layer and the polymer insulating layer has been described in our previous work. 30, 31 Herein, we focus on the modification and printing of a bismuth-containing graphite-carbon working layer. In order to obtain bismuth-based electrodes with enhanced electroanalytical performance, certain amounts of MWCNTs were doped into commercially available ink. MWCNTs can exhibit some unique properties including excellent electron-transfer capability, large specific surface and good chemical stability. 27 They have also been demonstrated to be favorable for improving the stripping signal of Hg(II) in the following research. Graphite-carbon ink was modified with metallic bismuth powders and MWCNTs, followed by a mechanical stirring process to make the mixture homogeneous as expected. In comparison with the traditional electrodepositing method, the combination of the simple doping process with the screen printing technique not only makes it more convenient to mass-prepare bismuth-based electrodes, but also avoids several potential interference factors, e.g., the competitive adsorption and reduction of bismuth precursors and analytes at the electrode surface, and the conflict of optimum conditions for bismuth film formation and heavy metal ion reduction.
Results and Discussion
Preparation and characterization of SPBE/MWCNT
Compared with the SEM image of the bared screen-printed carbon electrode (SPCE) (Fig. 2(A) ), SPBE/MWCNT exhibits a dispersion of spherical-like bismuth particles, as shown in Fig. 2(B) , indicating that metallic bismuth can be firmly fixed on the electrode surface, as expected.
The qualitative microanalysis of the electrode surface also confirms the presence of bismuth by the EDS proof (Fig. 2(C) ). A cyclic voltammogram (Fig. 2(D) ) of SPBE (curve a) in 0.5 M H2SO4 depicts a dissolution/stripping response of bismuth at 0.02 V vs. Ag/AgCl, with two closely overlapping reduction peaks at around -0.2 V, 13, 14, 32 while the bared SPCE (curve b) exhibits no notable signals in such a broad potential window. Since these features did not directly affect the stripping measurement of Hg(II) in our preliminary trials, further details were not investigated within the initial characterization of SPBE/MWCNT.
Measurements of Hg(II)
Preliminary trials demonstrated that the content ratio of metallic bismuth powders on the electrode surface had great influence on the electroanalytical performance of SPBE/MWCNT. In order to obtain electrodes with satisfactory performance, several screen-printed electrodes modified with different content ratios of bismuth powders were prepared and used to monitor 6.0 μg/L Hg(II) under identical conditions. The stripping peak at around 0.5 V was confirmed as being the specific response of Hg/Hg(II). 33 The analytical results obtained at different electrodes are listed in Table 1 .
In general, the bare SPCE is not suitable for the determination of trace metals based on the stripping strategy, because the affinity between carbon and metal is so weak that analytes cannot be firmly adsorbed on the electrode surface. Hence, only a broad and weak stripping response of Hg(II) was observed at the bare SPCE. When 2 wt% MWCNTs were added into the graphite-carbon ink, the stripping current increased by almost an order of magnitude. It is roughly considered that the enhanced electroanalytical performance may be attributed to the (Fig. S1 , Supporting Information) also demonstrated that screen-printed electrode modified with 10 wt% MWCNTs had a much lower impedance than the unmodified one. The addition of 10 wt% metallic bismuth powders further amplified the stripping current by nearly one order of magnitude. This results from the fact that bismuth can favorably form bismuth-based alloys with other metals. When MWCNTs and metallic bismuth powders were simultaneously doped, we obtained more sensitive responses to Hg(II) at the prepared electrodes. Experimental results revealed that the electrode containing 10 wt% bismuth powders and 2 wt% MWCNTs exhibited higher sensitivity than those with a lower or higher bismuth content ratio. It is roughly considered that the low proportion of bismuth will not allow enough bismuth powders to be exposed on the electrode surface, and an excess addition of bismuth powders may result in aggregation, which also reduces the stripping responses of metals. Therefore, an electrode modified with 10 wt% bismuth powders and 2 wt% MWCNTs was further used to detect trace Hg(II) in a following study.
Measurements of different concentrations of Hg(II) at the microgram per liter level were carried out under commonly employed conditions without further parameter optimization. 33 Stripping voltammograms of Hg(II) in the low concentration range from 0 to 40 μg/L were recorded at SPBE/MWCNT, and well-defined stripping responses of Hg(II) at around 0.5 V (vs. Ag/AgCl) were observed, as shown in Fig. 3(A) . The peak current increased linearly with the Hg(II) concentration from 0.2 to 40 μg/L, with a calibration plot of i (μA) = 2.754c (μg/L) -0.238 (R 2 = 0.9976). The limit of detection was further evaluated to be 0.09 μg/L, based on the signal-to-noise characteristic (S/N = 3) under 180 s accumulation, lower than the limited content of mercury in drinkable water regulated by the World Health Organization (WHO) and the U. S. Environmental Protection Agency (EPA).
Good precision is another attractive feature of the proposed SPBE/MWCNT. Seven electrodes were utilized to monitor 4.0 μg/L Hg(II) in conjunction with SWASV under identical conditions. The stripping current obtained at 2 wt% MWCNTs and 10 wt% bismuth-modified electrodes was described as 11.04 ± 0.87 μA, with a relative standard deviation (RSD) of 0.67% (n = 7). This indicates that these prepared bismuth-based electrodes can provide excellent consistency, and are able to detect Hg(II) with good repeatability. Such good precision is considered to be attributed to the excellent uniformity of printing.
Due to the electrochemical stripping of mercury at a positive potential, many common heavy metals, such as Cd(II), Pb(II) and Cr(III), would not affect the measurement of mercury. 34, 35 In this research, we specially discussed the possible interference of Cu(II) and Ag(I) which had similar stripping potentials as Hg(II); 10 μg/L of Hg(II) against 100 μg/L of Cu(II) or Ag(I) was examined under identical conditions. The results indicated that both Cu(II) and Ag(I) had notable influence on the stripping response of mercury, because of the competitive adsorption at the limited active sites of electrodes. The addition of Cu(II) strongly suppressed the stripping signal with a peak current decrease of 83.6%. More seriously, silver not only decreased the stripping current of Hg(II) by 69.6%, but also exhibited a notable stripping peak at around 0.36 V, ruining the well-defined stripping peak of mercury. However, the case that the two metal ions with high concentrations coexist in Hg(II) contaminants is rarely found. Hence, the proposed SPBE/MWCNT can be used to detect trace mercury in routine environmental samples without removing the possible interfering materials, which has been demonstrated by the following practical measurements.
Measurements of practical samples
Concerning practical applications of SPBE/MWCNT, measurements of trace mercury in tap water and human hair were further made. Tap water was collected from our laboratory and brought to pH 1 with concentrated HNO3. Human hair supplied from a barbershop was washed with a mixture of petroleum ether/ethanol, and then thoroughly rinsed with adequate ultra-pure water. After being dried, an accurately weighted amount of hair (approximately 2.0 g) was treated with a mixture of 30 ml concentrated HNO3 and 5 ml concentrated H2O2, and heated almost to dryness. The residue was further treated with appropriate concentrated HNO3, and brought to pH 1 with NaOH. 36 These pretreated samples were tested under the identical conditions described above, using inductively coupled plasma-atomic emission spectrometry (ICP-AES) as the reference technique.
Results obtained at 2 wt% MWCNTs-modified SPBE based on the anodic stripping strategy indicated 12.3 ± 1.1 μg/L (n = 6) of mercury for human hair and 0.32 ± 0.06 μg/L (n = 7) of mercury for tap water, while the ICP-AES results were 11.9 and 0.28 μg/L, respectively. An overall acceptable agreement was found between the electrochemical stripping measurement and the ICP-AES method, indicating that the proposed SPBE/MWCNT could be successfully applied to detect trace mercury in practical samples. We further employed the proposed SPBE/MWCNT to detect Cd(II), and also obtained encouraging results. Compared with conventional electrodes, e.g., gold-based electrodes and mercury-based electrodes, the introduced SPBE/MWCNT can exhibit comparable, even better in some cases, electroanalytical performance for anodic stripping measurement, and has great promise to detect other potential inorganic and organic analytes.
Conclusion
The modified SPBE introduced in this research, as a promising alternate of mercury electrodes, was demonstrated to be favorable and sensitive for electrochemical stripping measurements. The combination of the doping method with the screen printing technique greatly expanded the scope of approaches to conveniently prepare modified bismuth-based electrodes. The proposed SPBE/MWCNT with an extremely simplified preparation procedure exhibited ultrasensitive responses to Hg(II) at the microgram per liter concentration level. The successful application of SPBE/MWCNT in practical sample measurements was also demonstrated. The excellent electroanalytical performance and simple preparation advantages of the "mercury-free" SPBE/MWCNT make it attractive for wider applications to measure other interesting analytes.
